Although absorption cooling has been available for many years, the technology has typically been viewed as a poorly performing alternative to vapour compression refrigeration. Rising energy prices and the requirement to improve energy-efficiency is however driving renewed interest in the technology, particularly within the context of combined cooling, heat and power systems (CCHP) for buildings. In order to understand the performance of absorption cooling, numerous models are available in the literature. However, the complexities involved in the thermodynamics of absorption chillers have so far restricted researchers to creating steady state or dynamic models reliant on data measurements of the internal chiller state, which require difficult-to-obtain, intrusive measurements.
INTRODUCTION
The increased use of air conditioning in buildings, including dwellings over the last 30 years has contributed to a significant increase in electrical energy consumption [1] , particularly in southern European countries [2] . The conditioning systems installed are typically packaged, split vapour
The need for a dynamic model
In order to predict model performance under fixed operating conditions steady-state models are used [7] . A number of steady-state models typically used as design aids have been developed [8] [9] [10] [11] .
However, chiller systems will typically operate under dynamic conditions, due to (for example) on/off or modulating behaviour, start-up and shut down or other temporal fluctuations in operating conditions, as discussed by Jeong et al. [12] and Fujii et al. [7] . Dynamic models [12] [13] [14] [15] [16] , whilst intrinsically more complex, are therefore a more appropriate means to assess the performance of absorption chillers within a trigeneration system reliant on transient heat input such as that supplied by solar energy and subject to a fluctuating load.
Existing dynamic models
Most of the existing attempts at dynamic absorption chiller modelling have resulted in the creation of detailed models of specific chillers [17] or detailed models of specific cycles and system configurations [18] . An alternative approach is to develop a model capable of being easily customised through calibration with data obtained for different units. Fu et al. [15] and Fujii et al. [7] both present studies aimed at flexible and customisable models. Fu et al. [15] created an extension to the idea of the ABSIM modular program [11] to offer ABSLM, an object-oriented dynamic library, built using the language Modelica, which provides a component list (e.g. pumps, condenser, evaporator etc.)
enabling the creation of different types of absorption chiller configurations. Fujii et al. [7] developed an object-oriented model capable of predicting the transient behaviour of absorption refrigerators with an arbitrary cycle configuration, using a triple-effect system as an example. Other examples of dynamic models of absorption chillers include work carried out by Takagi et al. which simulate the behaviour of a single effect absorption chiller using HVACSIM + [14] , and Nurzia [19] which uses the transient simulation code TRNSYS [20] to model a similar single-stage absorption chiller.
Requirement for a new model
The models described above typically require the user to define the characteristics of the components comprising the desired absorption chiller such as the individual components' heat exchange surface area, individual internal component dimensions, solution composition and internal mass flow rates.
This is a non-trivial task requiring invasive experimental techniques which are difficult to perform and very time-consuming; limiting the flexibility and adaptability of these models.
The scope of this research was therefore to create a functional dynamic model, which could be adapted to represent different chillers using easily obtainable data. The model concept is similar to that developed by the IEA ECBCS Annex 42 in [21] where the model of a generic engine-based CHP system was developed comprising performance maps linking key input and output parameters, coupled with lumped thermal masses that enabled transient thermal performance to be captured. The
Annex 42 model was complemented by a calibration approach using non-invasive tests and measurements. The chiller model developed and described in this paper represents a single-effect hot water fed lithium bromide-water absorption chiller, the most apt [7] for use in CCHP trigeneration systems.
DEVELOPMENT OF THE PROPOSED MODEL
The chiller model was developed for the ESP-r building simulation tool [22] in which a complex system such as a building or a plant system can be reduced to series of discrete control volumes,
represented by a node, to which the conservation of energy and mass can be applied [23] ; this approach is extended to the modelling of the absorption chiller. It should be noted that the model described in this paper can be integrated into other common, dynamic simulation tools such as TRNSYS [20] or EnergyPlus [24] .
The control volume concept used to model the thermal transients inside the chiller
A single-effect absorption chiller can be described using a three node system with each individual node representing the thermal mass corresponding to one of the water circuits associated with the absorption chiller, specifically the chilled water, cooling water and hot water circuits. The concept is an evolution of the one outlined by Beausoleil-Morrison et al. in [25] who develop a steady-state chiller model for ESP-r.
Fig. 1 -
The absorption chiller system represented by a system of three nodes Figure 1 shows the chiller represented by a series of three control volumes and the respective energy flows within each node. Node i represents the chilled water circuit, incorporating the evaporator casing and the mass of refrigerant and chilled water. Q i is the net energy process occurring internally within the control volume which affects the incoming chilled water circuit. Node j represents the cooling water circuit, comprising the condenser, absorber and heat exchanger casing and the mass of refrigerant, cooling water and solution contained within them. Q j , in this case is the net energy process occurring internally within the Node j which affects the cooling water circuit. Finally, in the upper part of the diagram Node g represents the hot water circuit including the generator casing and the mass of solution and water contained within it. Similarly as for Q i and Q j , Q g is the net energy process occurring in the respective control volume, which in this case affects the hot water circuit.
Applying basic energy and mass conservation individually on the three nodes, three partial differential equations, one for each node are obtained as follows:
For Node i, for an incoming chilled water flow rate ṁ ௗ having specific heat capacity ܿ ௗ ‫ܯ‬ ܿ̅ ߲ܶ ‫ݐ߲‬ ⁄ = ṁ ௗ ܿ ௗ ሺܶ ଵ − ܶ ሻ + Q , where -(1)
For Node j, for an incoming cooling water flow rate ṁ having specific heat capacity ܿ
For Node g, for an incoming hot water flow rate ṁ ௧ having specific heat capacity ܿ ௧
The extra term UA(T env -T g ) in the analysis of Node g represents the heat transfer to and from the environment. The numbers in subscript refer to the individual state points within the chiller cycle as shown in Figure 1 . Solving equations (1), (3) and (5) using a numerical approximation with a time interval ∆t as described in [23, [26] [27] [28] yields the temperatures of the three nodes, T i , T j , and T g -the outlet temperatures of the three water circuits, the chilled, cooling and hot water circuits, respectively.
In Figure 1 these are T 18 , T 16 and T 12 respectively.
Finding the state points within the chiller
In order to obtain Q i , Q j and Q g , the net energy flows into and out of Node i, Node j and Node g respectively, the individual state points within the chiller's thermodynamic cycle are calculated as follows:
Equations and assumptions used to find Q i
Recall from equation (2) that:
Making the reasonable assumption that the refrigerant exits the evaporator as dry vapour, h 10 can be considered to be the specific enthalpy at dry conditions of p low , the low pressure inside the evaporatorabsorber. Also, assuming adiabatic expansion in the expansion valve implies that h 9 is equal to h 8 , the specific enthalpy at wet vapour conditions of p high , the high pressure inside the condenser-generator.
The low pressure (p low ) inside the evaporator-absorber and the high pressure (p high ) inside the condenser-generator are found based on empirically calibrated data as explained in Section 3.1. No pressure loss is assumed to occur between the condenser and generator and similarly between the evaporator and the absorber. The refrigerant mass flow rate, ṁ , is found using equation (7).
CH Power , the chiller's refrigerating output power is found using empirically calibrated data as described in Section 3.2.
Equations and assumptions used to find Q j
Recall from equation (4) that:
Performing a mass balance analysis on the generator yields:
Assuming that all solution concentration changes occur only in the absorber and generator, the concentration in the weak and strong solution branches can be assumed to be constant such that ܺ ଵ = ܺ ଶ = ܺ ଷ = ܺ ௪ and ܺ ସ = ܺ ହ = ܺ = ܺ ௦௧ , from which the circulation factor f results as shown in equation (9) .
The solution concentrations inside the two branches, X strong , and X weak¸ are found using an iterative process which make use of a series of equations described by Kaita in [29] . In this iterative process use is made of T 1 , which is assumed to be slightly higher than the arithmetic mean between the inlet and outlet temperature of the cooling water circuit temperatures, T 13 and T 16 respectively, and T 4
which is assumed to be slightly lower than the inlet temperature of the hot water circuit, T 11 . T 1 and T 4 are calculated using equation (10) and (11) respectively.
Assuming solution saturation and considering the case of X weak , the iterative process relies on comparing p low (the low cycle pressure calculated using the empirical method explained in Section 3.1) with p weak [the low cycle pressure calculated as a function of solution concentration and temperature as shown in equations (12), (13) and (14)] until the two values are equal. The coefficients N vw in equation (14) are given in Table 1 as described by Kaita in [29] . 
-(14) For equation (14) T is T 1 derived from equation (10), whilst X weak is varied from an initial concentration of X being equal to 40% up to a point where p weak is equal to p low . Equation (14) is valid for a concentration X in the range of 40% to 65% [29] , a wide enough range to include typical working concentrations for absorption cycle chillers and ensuring no crystallisation problems occur above 65% [30] . Similarly for X strong , the same iterative process is repeated this time using T 4 , p high and p strong .
Considering the solution at Point 1 and Point 6, respectively, the weak solution exiting the absorber and the strong solution entering the absorber to be saturated, the specific enthalpy of Point 1 and Point 6, h 1 and h 6 , are calculated using the general form of equation (15) In the case of h 1 , the temperature is T 1 and the solution concentration is X 1 . On the other hand, assuming again that the expansion process in the expansion valve is completely adiabatic, h 6 is equal to h 5 . T 5 which is used to find h 5 is in this case calculated using equation (16) . T 5 is assumed to be slightly lower than the mid-point temperature between the generator and the absorber.
The specific enthalpy at Point 7, h 7 , the exit point of the refrigerant from the generator assumed to be superheated at temperature T 7 and pressure p high , is calculated using equation (17) (from Kalogirou [31] ).
In equation (17) T 8 is the saturation temperature at the high cycle pressure p high , whilst T 7 is calculated using equation (18); the mean temperature of the solution flows in and out of the generator [8] .
c weak is the specific heat of the lithium bromide-water solution inside the weak solution branch calculated using equation (19) (from Kalogirou [31] ).
Equations and assumptions used to find Q g
Recall from equation (6) that:
The specific enthalpy at point 4, h 4 , the strong solution at the exit of the generator is again found using equation (15); h 3 , is calculated as shown in equation (20).
The specific enthalpy at point 2, h 2 , the weak solution at the exit of the pump is calculated using equation (21) .
MODEL CALIBRATION
The data required to calibrate the component (see Table 2 ) is derived from two sources:
• Some of the parameters including the highest and lowest permissible high and low pressure, the minimum chilled water protection temperature and the working minimum hot water outlet temperature can be extracted directly from manufacturer's data sheets as these are typically listed to avoid any damage being caused to the chiller.
• Considering these conditions, a reasonable assumption is therefore that the cycle pressures can be modelled as a function of hot water circuit inlet temperature. The experimental data of Figure 2 shows how the high pressure inside the condenser-generator and the low pressure inside the evaporator-absorber vary over the whole range of hot water circuit inlet temperatures. Both the high pressure inside the condenser-generator and the low pressure inside the evaporator-absorber vary linearly with change in hot water circuit inlet temperature. However, whereas the pressure inside the condenser-generator increases with increasing temperature, the pressure inside the evaporator-absorber decreases with increasing temperature.
The high and low cycle pressure curves coefficients (a 0 , a 1 , b 0 and b 1 ) can therefore be derived by varying the hot water circuit inlet temperature to the generator and recording the resulting part-load cycle pressures. A similar calibration exercise can be repeated to obtain the characteristics of any other chiller. The relationships describing the behaviour of the two system pressures with a corresponding change in T 11 , the hot water circuit inlet temperature in °C, were obtained using a linear regression analysis on the test data shown in Figure 2 . Table 3 shows the general and particular equations for the calibrated chiller together with the corresponding correlation coefficients. 
Calibration 2: Obtaining the chiller's refrigerating power output as a function of water circuits' inlet temperatures
This part of the calibration process obtains an expression for the chiller's refrigerating power output function (CH Power ) in terms of the three water circuits' inlet temperatures. It is this calculated power output which serves as the "performance map" described earlier in Section 1.3 and which in conjunction with the internal high and low pressures values is used by the program to calculate the internal state points within the refrigeration cycle and the refrigerant mass flow rate (ṁ ) from which all other internal mass flow rates are calculated. Similarly to the regression analysis performed in the previous section, the expression considers the case that the flow rates of all three incoming water circuits (hot, chilled and cooling water circuits) remain constant, whilst temperature can vary.
The calibration used a time-series dataset compiled from three non-consecutive days during which the absorption chiller was being field tested together with a solar water heating system. This is similar to the approach employed by Ferguson et al. in [35] . Data was supplied in the form of 1-minute averaged recordings of the three water circuits' individual inlet and outlet temperatures and their respective mass flow rates. The chiller's refrigerating power output can be expressed in terms of the three water circuits' inlet temperatures -the best fit being a simple linear relation having the general form of equation (24) shown in Table 4 . 
Calibration 3: Obtaining the total mass and the mass weighted average specific heat capacity of each individual node
Once the internal state points of the chiller have been defined, the third and final part of the calibration process is needed to calibrate the total mass (M node ) and the mass weighted average specific heat capacity (ܿ̅ ௗ ) of the individual nodes which together define the dynamic characteristics of the chiller.
There are two methods which can be used to calibrate the total mass and the mass weighted average specific heat capacity. The first uses a "traditional" mathematical approach and can be used if enough information on the individual internal components is available. In this case the total mass (M node ) of each individual node can simply be considered as the mathematical addition of all the masses (m 1 , m 2,. , m n ) represented by the node as shown in equation (25) . The mass weighted average specific heat capacity (ܿ̅ ௗ ) is on the other hand, the specific heat of the node calculated using the specific heat values of the components making up an individual node (c 1 , c 2 , ., c n ) as shown in equation (26) .
For this specific 10kW th chiller Kohlenbach in [34] gives a detailed breakdown of the masses and characteristics of the individual internal components from which M node and ܿ̅ ௗ can be calculated as shown in Table 5 . Using such a method however suffers from two major limitations. As discussed previously a first limitation is of course the fact that detailed data is required for the internal components of the chiller. This data may not be available or require intrusive measurements to obtain.
An additional limitation is the fact that, in a complex plant system such as an absorption chiller where a considerable part of the mass (approx. 21% of the total mass) is water being moved along the plant component, it is difficult to accurately assign individual mass components to the individual nodes.
To address these two limitations the proposed model permits a second method of calibration which relies completely on an iterative parametric identification process, which makes use of an optimization tool; this drives the simulation over multiple runs, comparing the modelled outlet temperatures of the three water circuits with the measured outlet water data for the same feed conditions. which in this case is the objective function, is minimised. This is similar to the parametric identification technique described in by Ferguson et al. in [35] . Table 5 shows the calculated results for the thermal masses (M i , M j and M g ) and the mass weighted average specific heat values (ܿ ప ഥ, ܿ ఫ ഥ and c ത ) obtained using both methods; Method 1 using the known data of the characteristics of the internal components and Method 2 using the iterative process. Although the two set of results appear to be substantially different from one another, in practice, when modelling the dynamic output of the proposed chiller, the difference is negligible. Figure 3 (for example) shows the resulting temperature profile for the chilled water circuit using the thermal masses and the mass weighted average specific heat values calculated using both methods. 
VERIFICATION -MODEL TESTING AND COMPARISON BETWEEN MEASURED AND MODELLED DATA
The model was verified using two techniques:
• an inter-model comparative exercise where the results obtained for the proposed chiller were compared to results obtained from the model presented by Kohlenbach and Ziegler in [13, 16] , which was calibrated against the same 10 kW th chiller; and
• the model was compared to a separate set of experimental results compared to that used for calibration purposes.
Inter-model comparison
Kohlenbach and Ziegler in [13, 16] performed a dynamic test on their model whereby it was first run at steady-state conditions at rated inlet temperatures and mass flow rates and then subjected to a 10°C seconds; this is a difference of around 3%.
Comparison with experimental data
The chiller was supplied with minute by minute inlet temperature measurements of the three water circuits entering the chiller from an empirical data set. The resulting set of simulated output temperatures was then compared to the measured data. Figure 4 shows how the results obtained for 5 hours of chilled water outlet temperature data modelled at 1-minute time resolution, along with the measured chilled water inlet and outlet temperatures data.
The modelled data closely follows the measured data with identical time response patterns, yielding a maximum and mean error of 0.35°C and 0.09°C between the modelled and measured datasets, respectively. The standard deviation is 0.10°C. Similarly, Figure 6 and Figure 7 show the modelled cooling and hot water outlet temperature profiles superimposed on the measured data for the same simulation period used in the case of the chilled water dataset. 
PERFORMANCE INSIDE A MICRO-TRIGENERATION SYSTEM
The aim of this final section is to demonstrate how the proposed absorption chiller model can be integrated with other balance of plant components to represent a complete system. This section in fact presents some results (full results and methodology will be presented in a separate publication) obtained during the testing of the chiller model inside a micro-trigeneration fed centralised heating, ventilation and air conditioning (HVAC) system for a three storey residential building in the Mediterranean island of Malta. The analysis forms part of an extensive research aimed at understanding the effect certain building (e.g. the building fabric, size and occupancy and the electrical demand) and plant related features (e.g. addition of a chilled water storage tank and the addition of a solar water heating working in tandem with the CHP unit) have on a residential microtrigeneration system's energetic, environmental and economic performance.
Compared to the relatively stable electrical and thermal demands typical of large buildings, residential buildings have a very variable and time-dependant demand. Simulations performed at low resolutions (e.g. hours) are therefore not accurate enough when performing simulations of a highly varying environment such as that found in residential buildings and therefore typically a high temporal resolution of 1 minute is preferred [36] . The varying nature and the high temporal resolution required in this case necessitate the use of a dynamic compared to steady-state absorption chiller model. Figure 8 shows the specific micro-trigeneration system plant configuration used to simulate a plant system which includes a chilled water storage tank. 
Micro-trigeneration plant configuration

5.2
Results and performance -Chiller's thermal and operating performance Figure 9 and Figure 10 show extracts from the results obtained for a simulation run at 1-minute intervals over a period of a whole week in August, using the plant system configuration shown in Figure 8 . Specifically Figure 9 shows the inlet and outlet temperatures of the different water streams, whilst Figure 10 shows the corresponding refrigerating power produced by the Chiller in response to the building cooling demand, over the same time period. The time period shown in both figures is for a typical 12-hour period. The triangular oscillations in both temperature and refrigerating power produced are in response to the control imposed on the CHP unit, which cycles 'On' and 'Off' to maintain the hot water temperature inside the hot water storage tank between 65°C and 75°C. The chiller's output power is responsive to the temperature change in hot water supply, and in other plant configurations, the output power can be controlled via the hot or cooling water inlet temperature as discussed by Kohlenbach in [34] . In this example however the plant system control scheme was kept simple and the chiller was controlled by a simple 'On'/'Off' control scheme similar to the one used to control the CHP unit.
Also, the chiller's thermal performance is responsive to the thermal demand of the building; switching 'On'/'Off' is most frequent when the cooling demand is low whilst the system works with a more stable behaviour as the building thermal demand increases. The chilled water storage tank acts as a buffer between the refrigerating power produced by the chiller and the space cooling demand of the building.
Results and performance -Seasonal system performance
As mentioned the full results of the analysis performed, including the full annual results for the various scenarios modelled will be presented in a separate publication, nonetheless Table 6 summarises the main performance metrics calculated for the micro-trigeneration plant system configuration shown in Micro-trigeneration system efficiency (%)
69.1
Overall system efficiency is based on equation by Dorer in [38] which compares the energy products produced by the microtrigeneration system:
• Space cooling energy provided;
• Electricity cogenerated; and
• Energy supplied to provide domestic hot water to the energy input of the system (Micro-trigeneration primary energy consumption)
CONCLUSION
This paper presented the development of a new generic model for a single effect lithium bromidewater absorption chiller. In contrast to other dynamic models which rely on complex modelling and calibration of the internal characteristics of the chiller, the model presented in the paper was developed in such a way as to enable its calibration as a single unit. Also, whereas other models 
